Physiological states associated with inositol starvation of spheroplasts of Saccharomyces cerevisiae were investigated and compared with conditions preceding death of starved whole cells. In the absence of synthesis of inositol-containing lipids, cell surface expansion terminated after one doubling of whole cells. In spheroplasts, cessation of membrane expansion was apparently followed by rapid development of an osmotic imbalance, causing lysis. Continued synthesis and accumulation of cytoplasmic constituents within the limited cell volume were implicated as a cause of the osmotic imbalance. In whole cells, an increase in internal osmotic pressure also follows termination of membrane and cell wall expansion. The cell wall prevents lysis, allowing a state of increasing cytoplasmic osmotic pressure to persist in the period preceding onset of inositol-less death.
vation conditions all involve interference with the synthesis of one or more membrane lipids. Two different explanations for the lethality resulting from defective lipid synthesis in inositolstarved fungi have been proposed. Shatkin and Tatum (16) proposed a failure of membrane expansion leading to an imbalance between the growth of cell surface and of intracellular components. Ma';ile (13) favored the hypothesis that development of an abnormality in membrane composition and structural integrity leads to disruptior. of cellular membranous organelles, particularly lysosomes.
In an 'nositol-requiring mutant of the yeast Saccharomyces cerevisiae, the physiological stages preceding inositol-less death have been examined (7) . After removal of exogenous inositol, synthesis of the major inositol-containing lipid, phosphatidylinositol, ceases rapidly. Cell division and cell volume expansion cease within one generation time, whereas intracellular macromolecular synthesis continues for another generation time until the onset of logarithmic cell death. The finding of continued metabolism within a no-longer-expanding cell volume supports Shatkin and Tatum's hypothesis of an imbalance between synthesis of intracellular components and cell surface growth (16) .
Continuation of macromolecular synthesis within a limited cell volume suggests that an increase in cytoplasmic osmotic pressure may be one of the abnormal cellular conditions produced by inositol starvation. The rigid yeast cell wall protects the cell against osmotic stress. Since the wall is the outermost surface of whole yeast cells, the cessation of its expansion is directly implicated in the previous finding of interrupted cell volume expansion (7) . To learn the effects of inositol starvation on the expansion of the plasma membrane and to investigate cytoplasmic osmotic pressure, we studied inositol starvation of yeast spheroplasts, which are cells stripped of their cell walls. Yeast spheroplasts, after a lag in metabolic activity immediately upon removal of the cell walls, continue metabolism and cell volume growth without cell division for two or three doublings of deoxyribonucleic acid content (10) . If inositol starvation leads to the cessation of plasma membrane expansion, this should be reflected in a premature cessation of spheroplast volume growth. If the growth and metabolism of inositol-starved spheroplasts parallel those of starved whole cells, a cessation of volume growth may be expected to lead to increased osmotic sensitivity of the spheroplasts.
(This work was taken in part from a dissertation to be submitted by K.D.A., in partial fulfillment of the requirements for the Ph.D. degree in the Sue Golding Graduate Division of the Albert Einstein College of Medicine, Bronx, N.Y.)
MATERIALS AND METHODS Yeast strains. An inositol-requiring strain of S. cerevisiae, MC13 inol-13 lys2 canr a (2) was used in all experiments. This strain was used previously in physiological studies of inositol starvation in whole cells (7) .
Culture media. Overnight precultures were grown in YEPD (1% yeast extract, 2% peptone, 2% glucose). Synthetic complete medium for whole cells, with and without 2 jLg of inositol per ml, has been described previously (7) . Isotonic spheroplast medium was composed of the same synthetic complete medium osmotically stabilized by addition of 0.4 M MgSO4, 1% (wt/vol) succinic acid, and 0.6% (wt/vol) NaOH (pH 5.2; 4, 10) . Isotonic spheroplast medium lacking lysine was used in some experiments.
Cycloheximide (100 yg/ml) or inositol (2 yg/ml) was added to cultures from a 100-fold-concentrated sterile stock solution.
Osmotic supplements, containing all ingredients of isotonic spheroplast medium, were prepared with a large amount of water displaced by addition of either 2 M MgSO4 (in addition to the isotonic content of 0.4 M), 2 M sucrose, 3 (Fig. 2) . Freshly prepared spheroplasts placed in inositol-less medium began rapid lysis after 2.5 h. However, spheroplasts cultured in inositol-supplemented medium for 2.5 h to recover optimal metabolic activity and then transferred to inositol-less medium, began to lyse 2 h after the transfer. Macromolecular synthesis in "recovered" spheroplasts showed no slowing before lysis (data not shown).
Relation of inositol-starved cells and spheroplasts. Inositol-starved cells abruptly ceased dividing at 2 h of starvation (7). Spheroplasts prepared from whole cells that had been starved for inositol 2 or more hours before spheroplasting, began to lyse immediately in inositolless isotonic medium (Fig. 3 ). Spheroplasts that were prepared from whole cells deprived of inositol for less than 2 h before spheroplasting began to lyse after a total of 2.5 h in inositolless medium. For instance, cells starved for inositol 1.5 h and then converted to spheroplasts began to lyse after 1 h in inositol-less isotonic medium.
Spheroplast cell volume. The volume distribution of spheroplasts after growth in isotonic medium with or without inositol is shown in Fig. 4 . Inositol-starved spheroplasts doubled their initial mean cell volume in 2.5 h, from ca. 30 to 60,m3, as did inositol-supplemented spheroplasts. Thereafter, the supplemented spheroplasts increased in volume by 30 ,um3 every 2 h, in parallel with their linear rate of protein synthesis. However, no further increase in cell volume of inositol-starved spheroplasts was detected after 2.5 h. Spheroplast lysis after 2.5 h was detected as an increase in small particles, presumably the cellular debris resulting from lysis.
Prevention of lysis. Lysis was prevented by restoration of inositol to a spheroplast culture before 2 h of starvation (Fig. 5) . Restoration of inositol after 2 or more h resulted in incomplete prevention of lysis. Lysis began at 2.5 h, followed by complete rescue of those spheroplasts still intact at a time corresponding to 15 to 30 min after the addition of inositol.
Cycloheximide prevented lysis when added very shortly after spheroplasts were placed in inositol-less isotonic medium (Fig. 6 were observed that were typified by MgSO4 and NaCl (Fig. 7) . Addition of different concentrations of MgSO4 shortly before lysis was expected resulted in a longer delay of lysis as each higher concentration was added. The rate of eventual lysis in the presence of different concentrations of MgSO4 closely paralleled the rate of lysis in isotonic inositol-less medium (Fig. 7A) . A similar pattern of delayed lysis was produced by the addition of sucrose or glucose. Equivalent concentrations that delayed lysis by 1.5 h (up to 4 h of total starvation) were 1 M MgSO4 (above the isotonic content), 0.9 M sucrose, and 1.4 M glucose (above the isotonic content). Addition of NaCl to inositol-starved cultures also resulted in delayed lysis. However, increasing concentrations of NaCl not only delayed the onset of lysis, but also significantly retarded the rate of lysis (Fig. 5B) . A similar pattern of delayed lysis was produced by additions of KCl and glycerol. Equivalent concentrations that delayed lysis by 1.5 h were 1 M NaCl, 1 M KCl, and 2 M glycerol.
Delay of lysis caused by an increase of the medium osmolarity with any of the compounds studied was instantaneous. Figure 8 shows the lysis of inositol-starved spheroplasts when 1 M MgSO4 was added at different times. All spheroplasts that had not already lysed at the time of addition remained intact until the 4-h point Absence of osmotic sensitivity before lysis. In (Fig. 10) . The differing metabolic effects of these two groups of osmotic supplements may explain the differences observed in the kinetics of delayed lysis (Fig. 7 ) discussed above. The latter group of osmotic supplements (NaCl, KCI, and glycerol) that significantly inhibit metabolism not only delayed lysis, but also reduced the rates of eventual lysis (Fig. 7B ). These retarded rates of lysis resembled those observed in cycloheximide-treated cultures (Fig. 6) , suggesting that NaCl, KCI, and glycerol delay lysis of inositolstarved spheroplasts by superimposed osmotic and metabolic effects. Even with the transitory inhibition produced by several of the osmotic additives, all allowed the accumulation of approximately 50% more labeled precursor into protein before delayed lysis than was accumulated in the unchanged isotonic inositol-less cul- of 1 M MgSO4 (Fig. 11) full hour before the sharp decline associated with lysis.
Total protein contained by inositol-starved spheroplasts after the addition of 1 M MgSO4 Figure 12 in-HOURS dicates total protein contained by spheroplasts in isotonic medium with and without inositol Continuous labeling of proteins in the and in subculltures with 1 M MgSO4 added at 2 osmotic supplements. Spheroplasts were sotonic inositol-less medium with 0.2 fiCi h. Total protein accumulation continued in osne per ml at a density of 2 x 10i sphero-motically rescued starved spheroplasts fbr an nl. After 2 h, subcultures were mixed with additional hour after addition of the osmotic )plements also containing isotope. Dupli-supplement. This resulted in approximately 15% samples were withdrawn from each cul-more protein per spheroplast than was contained precipitated with trichloroacetic acid. by inositol-starved spheroplasts in isotonic me--e corrected by the factor by which each dium before lysis. filtration. Within the limitations of the experimental procedure, inositol-starved spheroplasts in isotonic or 1 M MgSO4 medium contained as much potassium as their supplemented counterparts until the time of lysis (Fig. 13) . Potassium ion loss roughly paralleled lysis in both cases.
Effects of osmotic additives on whole cells. The kinetics of inositol-less death of whole cells was virtually unaffected by any of the osmotic supplements studied. Figure 14 indicates whole-cell viability in cultures with (Fig. 14A ) and without (Fig. 14B ) inositol in the various osmotically supplemented growth media. Synthetic complete and isotonic spheroplast media supplemented with inositol supported an identical rate of growth of strain MC13. All of the osmotically supplemented media produced a considerable lag in the growth of inositol-supplemented cells (Fig. 14A) . However, in the same media lacking inositol, rapid cell death followed nearly identical kinetics in all cultures (Fig.  14B) . Osmotic supplementation did not reduce inositol-less death. after an equivalent 2 h of inositol starvation (2.5 h if the spheroplasts had not been allowed a period of metabolic recovery). The amount of growth that occurs in inositol-starved spheroplasts immediately before lysis is apparently equivalent to the growth of inositol-starved whole cells at the time when they stop dividing.
Spheroplasts reached an average limiting volume before lysis that was approximately double their starting volume (Fig. 4) . Since spheroplasts do not divide, this doubling in volume is equivalent to the doubling in cell number that occurs by 2 h of inositol starvation in the intact cells (7) . Inositol-starved whole cells do not increase in volume after they cease dividing, but macromolecular synthesis and other metabolic processes continue unabated for a period of time during which the cells increase in mass and density (7) . Continued accumulation of cytoplasmic metabolic products within a limited cell volume may be expected to increase cytoplasmic osmotic pressure. In intact cells, this situation does not result in lysis, due to the presence of the cell wall. We propose that it is this rise in cytoplasmic osmotic pressure, caused by cessation of surface expansion without a coordinate slowing of cytoplasmic metabolism, that is the cause of lysis in the osmotically sensitive spheroplasts.
The treatments that interfere with spheroplast lysis lend support to this hypothesis. Cycloheximide treatment, according to this hypothesis, prevents the occurrence of an osmotic imbalance by interrupting further synthesis of cytoplasmic components, whereas restoration of inositol allows resumption of cell surface expansion. Elevation of the osmotic content of the medium shrinks spheroplasts (Fig. 9) , which may be expected to reduce stress on the cell surface from the increasing pressure within. As intracellular metabolism continues in osmotically rescued cells (Fig. 10-13 ), the osmotic pressure within the cell would be expected to continue to increase, leading to delayed lysis when the same limiting cell volume (Fig. 9) is again filled. The instantaneous nature of osmotic rescue (Fig. 8) , even well into the progress of lysis, as compared with only partial rescue by cycloheximide (Fig. 6 ) and the lag in effecting rescue by restoring inositol (Fig. 5) , indicates that the osmotic treatment most rapidly alleviates the condition responsible for lysis. This finding is consistent with our interpretation of the nature of the problem and the mode of rescue: physical stress on the cell surface is most rapidly relieved by physical (osmotic) support. Restoring the cellular balance of cytoplasm and surface growth by either stopping one or resuming the other requires some time.
In the case of whole cells, the intact cell wall is evidently sufficient physical support to withstand the increased osmotic pressure indicated by the spheroplast studies. Additional support, provided by growing whole cells in osmotically elevated medium (Fig. 14) , does not significantly VOL. 132, 1977 alter the rate of inositol-less death despite substantial effects on the growth of inositol-supplemented cells. This result indicates that osmotic rescue of spheroplasts is not due to "osmotic remediation" (5) restoring activity to the gene product of the inol-13 allele.
Several alternative theories as to causes of lysis, such as abnormal ion retention or progressive development of membrane fragility, are not supported by the data. Potassium ion retention is normal in inositol-starved whole cells for at least 4 h (7), whereas spheroplasts made from cells starved for only 2 h lyse instantly. Potassium ion retention in inositol-starved spheroplasts is normal until lysis begins (Fig. 13) (1, 3, 8, 9) . Alterations of membrane composition may possibly occur during inositol starvation. It has, in fact, been shown that synthesis of phosphatidylinositol ceases within 30 min after removal of inositol, and concomitant increases in the synthesis of the other major phospholipids occur (7) . However, if these changes in lipid synthesis result in membranes of abnormal composition, these alterations do not lead to a gradual increase in membrane fragility during the period in which cell volume continues to expand. On the contrary, during this period, resistance to osmotic shock gradually develops in inositolstarved spheroplasts, exactly as in supplemented spheroplasts, most likely due to the elaboration of fibrillar surface materials as reviewed by Necas (14) . Coincident with the cessation of cell volume expansion, osmotic sensitivity of inositol-starved spheroplasts develops abruptly. The appearance of osmotic sensitivity after a period of progressively developing osmotic resistance presents a paradox that we believe is more adequately explained by the hypothesis of an imbalance between cytoplasmic and surface growth than by development of abnormal membrane composition and integrity. Before the cessation of net surface expansion, coordinate growth of cytoplasm and surface maintains a suitable balance. The cell surface constructed during this period posesses the same osmotic sensitivity or resistance as normal cell surfaces. In inositolstarved cells, net surface expansion ceases abruptly (7), at precisely the time that a change in osmotic sensitivity of inositol-starved spheroplasts develops. We propose that the continuation of cellular metabolism beyond this point then creates an imbalance: the cytoplasm accumulates metabolic products more rapidly than surface expansion is able to accommodate. After the termination of net surface expansion, alterations in surface membranes may develop, although such membrane properties and functions, other than maintenance of potassium ion balance, have not been examined in this study. Studies in progress involving the isolation of plasma membranes should determine whether membrane composition becomes abnormal during the course of inositol starvation.
We believe that the data presented here and in our previous report (7) are consistent with, and most readily explained by, the hypothesis originally proposed by Shatkin and Tatum (16) that inositol starvation results in an imbalance between the rate of membrane synthesis and the synthesis of other cellular components. In whole cells, the cell wall apparently stops growth coordinately with the plasma membrane, thus preventing lysis. In both whole cells and spheroplasts, the termination of surface membrane growth is not coupled to an immediate slowing of general metabolism. It is this imbalance which we propose causes both the immediate lysis of inositol-starved spheroplasts and the ultimate death of intact cells. It is not clear why inositolstarved cells die several hours after cell division ceases, but it is likely that there are physiological limitations to the accumulation of metabolic products in a limited cytoplasmic volume.
